The optical communication industry and power-over-fiber applications face a dilemma as a result of the expanding demand of light power delivery and the potential risks of high-power light manipulation including the fiber fuse phenomenon, a continuous destruction of the fiber core pumped by the propagating light and triggered by a heat-induced strong absorption of silica glass. However, we have limited knowledge on its initiation process in the viewpoint of energy flow in the reactive area. Therefore, the conditions required for a fiber fuse initiation in standard single-mode fibers were determined quantitatively, namely the power of a 1480 nm fiber laser and the arc discharge intensity provided by a fusion splicer for one second as an outer heat source. Systematic investigation on the energy flow balance between these energy sources revealed that the initiation process consists of two steps; the generation of a precursor at the heated spot and the transition to a stable fiber fuse. The latter step needs a certain degree of heat accumulation at the core where waveguide deformation is ongoing competitively. This method is useful for comparing the tolerance to fiber fuse initiation among various fibers with a fixed energy amount that was not noticed before.
Heat-induced strong absorption of silica glass optical fiber at more than 1050 °C 1 plays a potential risk in many fiber optics applications including optical communication and "power over fiber", as a form of fiber fuse phenomenon [2] [3] [4] [5] . In the 28 years since its discovery, many techniques have been used to initiate a fiber fuse, namely local heating of a fiber segment. However, the process of fiber fuse initiation has only been investigated in two papers 6, 7 whose findings will be summarized later. By contrast, many researchers in optical communication have determined that the threshold power for fiber fuse propagation, P th , is, for example, less than 1.5 W for SMF-28(e) fibers 3, [8] [9] [10] [11] , which is widely regarded as the maximum allowable power if we are to avoid the problem. In fact, this parameter tells us nothing about fiber fuse initiation because the initiation must occur only after the accumulated energy has exceeded a certain value in a small area. Thus, we need additional information to enable us to discuss this phenomenon, such as the accumulation time and the heat flow in the area. Here I review previous studies from this viewpoint.
In 1995, Davis et al. investigated the initiation behavior for various types of fibers pumped with 1.06 μm light 6 . They stated that "the most reliable way to initiate was to contact the end of the fiber with a metallic object". The minimum initiation power, P init , ranged from 0.40 W to 4.0 W, but "at lower power levels, initiation might take several attempts over minutes". In 2002, Yanagi et al. reported that a fiber fuse was initiated between two uncleaned surfaces of MU-type fiber optic connectors after more than 160 mating cycles 7 . The cable was dispersion-shifted fiber (DSF) pumped with 1.48 μm light at 2 W but there was no description of the irradiation time and the absorber was not identified. These two results clearly show certain limited possibilities but we cannot reproduce them or generalize the requirements for the initiation.
To establish a reproducible initiation method with a fixed irradiation time, I performed a fiber fuse initiation experiment at the interface between a fiber end and a commercially available highly Co-doped borosilicate glass 12 . A stable fiber fuse was initiated by the five-second irradiation of 5.5 W laser light at 1480 nm through an SMF-28e+ fiber where the Co ions converted the light power to heat. However, this evaluation method requires many trials to obtain reliable initiation probability values because molten borosilicate glass is insufficiently rigid to maintain a stable reaction area.
Here I propose a new geometry with an arc discharge provided by a commercially available fusion splicer, where the initiation occurs only in silica glass. In addition, the light absorption of the waveguide is measurable over time, and the external heating intensity is variable since it is independent of the pump laser power. This improvement helps us to initiate a fiber fuse with higher reproducibility and to reveal the process on the basis of the correlation between the injected energy and the deformation modes of the fibers.
Results
Two single-mode silica glass optical fibers, that were one of the four types listed in Table 1 , were fusion-spliced to form an optical connection between a Raman fiber laser (PYL-10-1480, IPG Laser, 1.48 μm) and an optical power meter (see the inset in Fig. 1(a) ). Before the fiber was removed from the splicer, laser light at a certain power was injected into the fiber, and an arc discharge was applied for one second at a point 1 mm from the splice point directed toward the laser. This positional shift is needed to minimize the heat-induced modification caused by the prior splicing at the fiber segment for the initiation test. The time-varying insertion loss was monitored to determine the decay time, Δ t, from the onset to the fall as shown in Fig. 1 . This loss was caused by the deformation of the waveguide structure and the heat-induced absorption of the glass. The damage sites were observed with a digital optical microscope.
The heat needed to initiate a fiber fuse in this system is provided by the arc discharge and the pump laser. The laser light cannot heat the fiber at room temperature but is converted to heat at an elevated temperature through partially deoxidized SiO 2 13 . When the arc discharge intensity was the same as that for normal fiber splicing (denoted below as "100%"), the minimum laser power for initiation was 5.5 W for SMF-28e+ . This was determined by a series of initiation tests where the laser power was changed in increments of 0.5 W, and ten trials were performed at each laser power. There were two possible results, namely initiated or failed without any visible deformation in the fiber, as shown at the bottom of Fig. 2(a) . All the trials pumped at more than 6 W resulted in an initiation.
It is reasonable to expect that the minimum power for initiation will be reduced as the arc discharge intensity increases. However, the actual situation was more complicated. Namely, new failure modes appeared between the two types; self-terminated after initiation and failed with spot deformation. All the samples were classified into one of these four types based on their micrographs, some of which are shown in Fig. 3 .
Concerning the "spot deformed" samples, the insertion loss sometimes recovered as shown in Fig. 1(b) . This recovery is due to a bubble bursting and the subsequent reformation of a void-free glass bridge. In all the self-terminated samples, no periodic void train appeared in the core region. This means that the reaction region was extinguished before reaching a steady state of fiber fuse propagation. Photographs of these samples are seen at the top of Fig. 3(c) and in the middle of Fig. 3(a) , respectively. Figure 2 (a) maps this classification for three arc discharge intensities, 100%, 130% and 160% for SMF-28e+ . As the discharge intensity increased, the maximum laser power causing no modification decreased while the minimum power for initiation remained at around 3.5 W. A further increment in the discharge intensity to 200% pumped at 1.5 W caused the whole fiber segment to melt. Figure 4 (a) maps the corresponding decay time, Δ t, which decreased as the laser power and discharge intensity increased.
Similar behavior was observed for the RC SMF samples as shown in Figs 2(b) and 4(b) except for the following two points. (1) Melting occurred at a discharge intensity of 180% pumped at 1.5 W. This value is smaller than that for SMF-28e. (2) The minimum Δ t value is smaller than those for SMF-28e+ for each discharge intensity. These two fibers have the same mode field diameter (MFD) but RC SMF has a smaller cladding outer diameter as listed in Table 1 . Therefore, these observations are due to the RC SMF's smaller cladding diameter, namely, the shorter time for heat penetration to the core.
On the other hand, the minimum initiation laser powers for LEAF and TrueWave RS were 4.5 W as shown in Fig. 2(c,d ). This value is 1 W smaller than that for the other two fibers. This shift is also seen in the Δ t-power plot shown in Fig. 4 . These results are caused by an increment in power density due to their smaller MFD.
Discussion
Consequently, four failure modes were found in these initiation tests for SMF-28e+ and RC SMF, and these modes are mapped in Fig. 5 in a qualitative plot of arc discharge intensity and laser power along with illustrations showing the geometry of the system. This correlation provides a clue for understanding the initiation process, i.e., the heat flow balance between the laser and the external heating. The laser light is converted to heat only once the temperature of the fiber core has exceeded 1050 °C 1, 3 . This secondary heat flow forms a hot spot at the fiber core. When the arc discharge intensity is 100%, a laser power of 5.5 W is the border between initiation and no modification (see Fig. 5(b,e) ). This means that this is the minimum power needed to heat the core region and initiate a fiber fuse with one second of arc discharge exposure.
This border power does not simply decrease as the arc discharge intensity increases because the hot spot size expands due to the reduction of the heat flow from the core and the enhancement of the external heat flow. This expansion becomes a hurdle as regards initiating a fiber fuse through a small fiber core. This is why spot deformed samples appeared with an arc discharge intensity of more than 100% (see Fig. 5(c) ).
There is another failure mode, the self-terminated mode, as shown in Fig. 5(d) , where the reaction region was extinguished after it moved away from the hot spot. It appears because the laser power is insufficient to make the reaction region grow into a steady state of a fiber fuse running through a cold waveguide. (Similar structure was reported in a heated end of a cleaved fiber 14 .) The border between the self-terminated and initiated modes is about 3.5 W (SMF-28e+ ) and 4 W (RC SMF) for arc discharge intensities of both 130% and 160%. This is because the termination point is away from the center of the hot spot. Thus, the border power depends solely on the fiber dimensions. Namely, the border for RC SMF is larger than for other fibers because the thinner cladding results in much grater inner heat dissipation. In summary, the presence of these two failure modes shows that the fiber fuse initiation process consists of two steps, i. e., the generation of a precursor in a hot spot and the transition to a steady state of fiber fuse propagation out of the hot spot. With an arc discharge intensity of 100%, once the first step has started, the second step occurs successively because the hot spot is sufficiently small. It generally takes less time to complete these two steps (Δ t) as the laser power and discharge intensity increase as shown in Fig. 4 .
The minimum laser power in this study was 1.5 W, which is close to but larger than the P th of the four fibers 3 . However, no fiber fuse initiation was observed with this pump power even if the arc discharge intensity was increased to the value at which the fiber melted (see Fig. 5(a) ). Therefore, the fiber fuse initiation requires not only sufficient laser energy but also a sufficient concentration of energy into the fiber core. A certain degree of energy concentration is needed to generate a precursor (the first step discussed above) and a certain amount of laser power exceeding P th is necessary to make it grow into a fiber fuse out of the hot spot (the second step).
This mechanism helps us to understand our empirical facts on fiber fuse initiation, that is, the lower the laser energy is, the longer we have to continue the trial for initiation. A precursor appears at a moment when an energy accumulation at the core exceeds a certain value before waveguide deformation. Its frequency depends on the energy flow mode at the heated core region; namely, the waveguide geometry (fiber end/segment, cladding thickness, hole configuration, etc.), heat generation source (external heat, light-heat conversion center including partially deoxidized SiO 2 ), and accumulation time. In addition, heat-induced modification of the wavewuide structure also changes the energy flow mode and the reaction area.
In short, the precursor of fiber fuse appears in a non-equilibrium system where heat accumulation and waveguide deformation are ongoing competitively. Thus, the present experimental setup gives us a highly reliable method with a quantitative energy flow into the reaction area in the viewpoint of time and space. It is highly reliable because we can find (1) the experimental conditions required for "initiation without fail" in at least ten trials, and (2) an apparent relationship between Δ t and given energy. Moreover, the following two qualitative relations are confirmed with an arc discharge intensity of 100%. (1) Δ t depends on the thickness of the cladding. (2) the minimum laser power for initiation depends on the MFD. Therefore, this method is expected to be a feasible way to test the tolerance to fiber fuse initiation and fiber deformation of various modern fibers including multi-core fibers and few-mode fibers 15, 16 . As for other initiation techniques that have been reported so far, their geometry is not appropriate for controlling the energy amount quantitatively; namely, blocking light with wooden object, cutting by a wire stripper 14 , and applying white correction fluid at the tip of fiber 8 , etc. In these cases, it can be possible to determine the minimum initiation power, P init , if the examiner has a patience to continue the trials over minutes. The resulting value is merely a record and hard to be compared fairly with others because of the lack of reproducibility.
